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A B S T R A C T
The carotenoid composition was evaluated during ripening of papaya cv. ‘Golden’ under untreated
(control) conditions and treated with ethylene and 1-methylcyclopropene (1-MCP). At the end of the
experiments, the total carotenoid content in the control group (2194.4 mg/100 g) was twice as high as
that found in ethylene (1018.1 mg/100 g) and 1-MCP (654.5 mg/100 g) gas-treated samples. Separation
of 21 carotenoids by HPLC connected to photodiode array and mass spectrometry detectors showed that
no minor carotenoids seemed to be particularly favoured by the treatments. Lycopene was the major
carotenoid in all untreated and gas-treated samples, ranging from 461.5 to 1321.6 mg/100 g at the end of
the experiments. According to the proposed biosynthetic pathway, lycopene is the central compound,
since it is the most abundant carotenoid indicating a high stimulation of its upstream steps during
ripening, and it is the source for the synthesis of other derivative compounds, such as b-cryptoxanthin.
The inﬂuence of both gas treatments on the carotenoid biosynthetic pathway was considered.
  2011 Elsevier Inc.     
Contents lists available at ScienceDirect
Journal of Food Composition and Analysis
jo u rn al ho m epag e: ww w.els evier . c om / lo cat e/ j fc a
Open access under the Elsevier OA license.1. Introduction
All the 700 naturally occurring carotenoids are biosynthesized
by the same basic pathway, with later modiﬁcations to result in a
variety of structures (Britton, 1998). In higher plants the
biosynthesis pathway initiates with isopentenyl diphosphate
(IDP) (C5) and its isomer dimethylallyl diphosphate (DMADP),
followed by condensation of IDP and DMADP to generate the C10
geranyldiphosphate (GDP) molecule (Burns et al., 2003). Subse-
quent condensations and elimination of the diphosphate result in
formation of phytoene (C40), a colourless carotene containing three
conjugated double bonds, which undergoes a series of desaturation
reactions producing coloured carotenoids, as the red-coloured
lycopene (Fraser and Bramley, 2004). Typically, lycopene is the
precursor for cyclisation reactions, resulting in a-carotene and b-Abbreviations: 1-MCP, 1-methylcyclopropene; HPLC–DAD–MS/MS, high perfor-
mance liquid chromatography connected to photodiode array and mass spectrom-
etry detectors; GDP, geranyl diphosphate; GGDP, geranylgeranyl diphosphate; ACC-
1, aminocyclopropane-1-carboxylic acid.
* Corresponding author. Tel.: +55 19 35212163; fax: +55 19 35212153.
E-mail address: azm@fea.unicamp.br (A.Z. Mercadante).
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Open access under the Elsevier OA license.carotene which are further modiﬁed to produce the xanthophylls
(Devitt et al., 2006; Howitt and Pogson, 2006).
The composition of carotenoids in fruit is usually complex, with
up to 15 or more different structures (Mercadante, 2008). Papaya
cv. ‘Golden’ is an important Brazilian cultivar that has been
exported to Europe and North America, presenting red ﬂeshy pulp
with lycopene accumulation during ripening. Papaya is a
climacteric fruit that exhibits a characteristic rise in ethylene
production which, in turn, triggers the changes in ﬁrmness, aroma
and colour (Moya-Leo´n et al., 2004).
In a previous study, Fabi et al. (2007) reported that when
papaya fruits were exposed to 1-methylcyclopropene (1-MCP), an
antagonist of ethylene, carotenoid accumulation was precluded. In
practice, this was not surprising since 1-MCP blocks ethylene
action by permanently binding to its receptors, which results in
delay of climacteric changes during ripening (Gao et al., 2007;
Manenoi et al., 2007). However, an unexpected result was obtained
when fruits were exposed to exogenous ethylene. Although papaya
fruit ripening was induced resulting in the anticipated appearance
of some ripening-acquired characteristics, such as pulp softening,
the ﬁnal amounts of lycopene, b-carotene and b-cryptoxanthin
were similar for both ethylene and 1-MCP treated fruits (Fabi et al.,
G.P.M. Barreto et al. / Journal of Food Composition and Analysis 24 (2011) 620–624 6212007). These results suggest that the ethylene effect on carotenoid
biosynthesis is under a complex regulation in papaya fruit. In spite
of the observed differences regarding the main carotenoids, there
was no such effect on the red colour of the fresh fruit (Fabi et al.,
2007).
In order to provide a more detailed view on the effects of
ethylene and 1-MCP treatment on the carotenoid accumulation,
and the possible contribution of minor carotenoids during
ripening, the aim of the present study was to investigate the
carotenoid composition in a broad range during ripening of treated
and untreated papaya fruits.
2. Materials and methods
2.1. Plant material
The papaya (Carica papaya cv. ‘Golden’) fruits were harvested
and treated according to our previous study (Fabi et al., 2007).
Papaya fruits (Carica papaya L. cv. ‘Golden’) were harvested at
colour break to 1/4 yellow (around 150 days after anthesis). Each
experimental sample comprised of at least 4 individual fruits. Soon
after harvest, one third of harvested fruits were left in a 240 dm3
chamber and exposed to a concentration of 100 ppm (100 mL L1)
ethylene in a synthetic air mixture in a constant ﬂow-through
system during 2 h (for gas saturation) and 10 h in a closed system;
one third was left in a 240 dm3 chamber and exposed to a
concentration of 100 ppb (100 nL L1) 1-MCP in a closed system
during 12 h; and the other one third was left to ripe in a 240 dm3
chamber. All the experiments were carried out at controlled
temperature (25  0.1 8C) and humidity (95%). After removal of the
peel and seeds, the sliced pulp of each fruit was frozen in liquid N2 and
stored at 80 8C.
2.2. Carotenoid analyses
The carotenoids were exhaustively extracted with acetone,
followed by saponiﬁcation (De Rosso and Mercadante, 2005; Fabi
et al., 2007). All extractions were conducted in duplicate.
Carotenoids were separated and quantiﬁed by high performance
liquid chromatography (HPLC) connected to a photodiode array
detector (PDA), using the same conditions set before for papaya:
C18 Nova-Pak ODS column with a linear gradient of acetonitrile
(0.1% triethylamine (TEA))/water/ethyl acetate from 88:2:10 to
85:0:15 (v/v) in 15 min, maintaining this proportion for 25 min, at
a ﬂow rate of 1 mL/min and column temperature set at 25 8C (Fabi
et al., 2007). Chromatograms were processed at 450, 400, 350 and
285 nm and the spectra were obtained between 250 and 600 nm.
For quantiﬁcation, calibration curves were constructed for all-
trans-lycopene, all-trans-b-cryptoxanthin and all-trans-b-caro-
tene with a minimum of seven concentration levels, and the
concentration levels were chosen to include those of the samples.
Since the following carotenoids were present in the samples at low
concentrations or the respective standards were not available, all-
trans-neoxanthin, all-trans-violaxanthin, cis-violaxanthin, all-
trans-lutein, all-trans-zeaxanthin and all-trans-rubixanthin were
quantiﬁed using the all-trans-b-cryptoxanthin area; cis-lycopene,
prolycopene, g-carotene, z-carotene and phytoﬂuene using the all-
trans-b-carotene area.
For identiﬁcation purposes, a carotenoid extract from papaya
was also separated on a C30 column by HPLC connected in series to
a PDA and mass spectrometry (MS) detectors using the same
equipment and conditions already reported by De Rosso and
Mercadante (2007). The same extract was also analyzed by HPLC–
PDA–MS/MS using the C18 column and conditions described above,
with exception that TEA was excluded from the mobile phase when
the samples were analyzed by the MS detector. The carotenoidswere identiﬁed according to the following parameters: chro-
matographic behaviour on the C18 and C30 HPLC columns, UV–
visible (lmax and shape) and MS spectra features compared to
literature data (Britton, 1995; Britton et al., 2004; De Rosso and
Mercadante, 2007) and co-chromatography with authentic stan-
dards.
3. Results and discussion
Twenty-one carotenoids were separated by high performance
liquid chromatography (HPLC) on a C18 column (Fig. S1 from
Supplementary Data). Chromatographic, UV–visible and mass
spectrometry data were used for identiﬁcation of carotenoids from
papaya fruits (Table S1 from Supplementary Data). Lycopene was
the major carotenoid, followed by b-cryptoxanthin; the other
carotenoids, including colourless carotenes, were detected at low
levels in all papaya samples.
3.1. Effects of treatments with ethylene and 1-MCP on the carotenoid
composition during ripening of papaya
Both ethylene and 1-MCP-treated papaya fruits showed lower
total carotenoid contents as compared to those found in control
fruits (Table 1). Total carotenoid levels were quite similar soon
after the beginning of the treatments but at the end of the
experiment period the levels were lower in treated fruits as
compared to the control. This fact suggests that both treatments
inhibited or dislocated the carotenoids biosynthetic pathway. In
the ﬁrst instance, ethylene might have affected more than 1-MCP
treatment, as it can be seen by the decrease in the contents of most
of the carotenoids right after treatment. This result could implicate
in a possible negative regulation of phytoene synthase by
exogenous ethylene. However, this fact changed in few days after
the treatment, since it was observed an increase in most
carotenoids levels in ethylene-treated fruit (all-trans-violaxanthin,
antheraxanthin, 5,6-epoxy-b-cryptoxanthin, zeinoxanthin, all-
trans-b-cryptoxanthin, cis-z-carotene, all-trans-b-carotene, phy-
toﬂuene, phytoene; Table 1), and the levels of the same carotenoids
decreased in those fruits treated with 1-MCP, though. These results
show the different effects of ethylene and 1-MCP treatments on
papaya carotenoid content.
Table 1 shows the quantitative composition of the 21
carotenoids in all fruit samples during ripening. As it can be seen,
both ethylene- and 1-MCP-treated fruits accumulated lower
amounts of minor carotenoids as compared to those in the control
fruits, similarly to what was previously reported for the major
carotenoids (Fabi et al., 2007). Moya-Leo´n et al. (2004) also
observed 1-MCP treatment inhibited ripening of a mountain
papaya variety; thus the inhibition of ethylene production could
block normal fruit ripening including the synthesis of carotenoids
(Gao et al., 2007). The impairment of carotenoid accumulation in
treated papaya fruit could be either by the consumption of their
early precursors, such as geranylgeranyl diphosphate (GGDP), or
by inhibiting phytoene synthase activity. In fact, a putative acetyl-
CoA acetyltransferase gene was down-regulated after ethylene
treatment and during ripening (Fabi et al., 2010). These results
would speculate a possible mevalonate accumulation prior to
papaya ripening, with apparently no accumulation of any
individual minor carotenoid.
3.2. Inﬂuence of ethylene and 1-MCP treatments on carotenoid
biosynthetic pathway
Based on the carotenoid composition of the control, ethylene
and 1-MCP treated fruits, Fig. 1 presents the biosynthetic pathway
that would be more likely involved in the carotenoid accumulation
Table 1
Carotenoid composition in control, ethylene- and 1-MCP-treated papaya fruit during ripening.
Peak Carotenoid (mg 100 g1)a 2 DAH 2.5 DAHb 3 DAH 4 DAH 5 DAH
Control Control Ethylene 1-MCP Control Ethylene 1-MCP Control Ethylene 1-MCP Control Ethylene 1-MCP
1 All-trans-neoxanthin n.d. n.d. n.d. 0.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
2 All-trans-violaxanthin n.d. 1.3 0.6 3.9 1.8 n.d. 2.4 1.7 2.1 1.5 7.6 6.4 1.4
3 cis-Violaxanthin n.d. n.d. n.d. 2.3 0.9 n.d. n.d. n.d. n.d. n.d. 2.2 5.6 n.d.
4 Antheraxanthin n.d. 1.4 1.3 4.5 2.6 2.0 5.9 3.7 2.2 2.7 13.7 9.4 2.2
5 All-trans-lutein 2.1 2.9 1.8 n.d. 3.5 3.2 3.1 2.4 2.5 3.0 6.0 4.1 1.9
6 Lactucaxanthin 1.9 1.4 0.8 1.7 1.8 1.3 1.6 2.8 1.6 0.8 7.5 3.3 1.6
7 All-trans-zeaxanthin n.d. n.d. n.d. n.d. n.d. n.d. 2.9 n.d. n.d. n.d. n.d. 4.7 n.d.
8 5,6-Epoxy-b-cryptoxanthin 11.5 14.8 5.9 13.7 8.8 8.2 12.3 14.5 7.6 8.0 31.1 14.7 7.0
9 Zeinoxanthin 20.1 22.7 12.6 26.9 19.9 17.1 22.0 33.6 36.5 13.3 68.9 33.8 15.8
10 All-trans-rubixanthin n.d. n.d. 0.6 0.8 0.3 0.7 1.7 n.d. n.d. n.d. 3.5 1.9 1.0
11 1,2 epoxy-lycopene 3.8 3.7 3.3 3.7 2.4 3.3 3.8 n.d. n.d. 4.0 15.3 2.1 3.7
12 All-trans-b-cryptoxanthin 96.4 168.2 71.9 117.1 135.1 130.7 150.4 242.4 108.8 94.1 331.2 171.3 81.1
13 All-trans-lycopene 491.3 777.0 614.6 582.2 869.5 646.7 538.5 1057.6 499.0 429.1 1321.6 584.0 461.5
14 13-cis-Lycopene 27.3 44.8 13.7 29.2 23.6 42.3 43.6 69.1 28.2 42.8 115.5 31.4 23.3
15 Prolycopene 0.9 3.6 1.7 n.d. 1.1 3.0 4.5 4.2 3.5 n.d. 11.0 7.3 1.4
16 All-trans-g-carotene 0.7 1.2 1.2 2.2 1.4 2.3 2.8 3.5 1.5 1.1 5.9 2.2 1.4
17 cis-z-Carotene 12.3 25.84 13.1 23.3 17.4 23.4 24.5 35.2 15.0 10.2 60.6 28.0 14.1
18 All-trans-z-carotene 1.8 4.5 1.7 2.8 2.5 2.4 3.8 3.6 1.7 2.3 7.3 3.5 1.6
19 All-trans-b-carotene 15. 38.5 12.9 26.9 26.0 33.0 30.4 34.1 11.5 16.2 48.5 24.8 12.2
20 Phytoﬂuene 17.1 41.5 21.5 35.9 29.5 32.8 38.3 57.2 22.6 17.8 82.0 48.0 17.6
21 Phytoene 7.1 16.2 13.3 24.3 12.2 13.9 14.0 24.0 16.8 12.8 55.0 31.7 5.6
Total carotenoids 709.4 1169.4 792.6 902.7 1160.4 966.4 906.4 1589.5 761.3 659.7 2194.4 1018.1 654.5
The carotenoids are numbered according to the chromatograms shown in Fig. S1.
n.d., not detected; DAH, days after harvesting; 1-MCP, 1-methylcyclopropene.
aCarotenoid contents are represented by the mean value of duplicated analyses. The relative standard deviation (RSD) ranged between 0.7 and 19.4%.
bEnd of ethylene and 1-MCP treatments (12 h each treatment).
Fig. 1. Scheme of the proposed biosynthetic pathway of carotenoids in papaya fruit during ripening. Numbers in blankets are related to the HPLC peaks (Fig. S1 and Table S1).
Asterisk indicates that speciﬁc carotenoids were only detected in some samples when analyzed by HPLC–PDA–MS/MS on a C30 column. Dotted arrows indicate not observed
pathways in the present study. Dotted boxes represent lycopene precursors (A) and main lycopene products (B) detected in the present study. Based on Britton (1998).
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Table 2
Carotenoid quantity and sums of precursors and products in control, ethylene- and 1-MCP-treated papaya fruit during ripening.
Carotenoids (mg 100 g1)a 2 DAH 2.5 DAHb 3 DAH 4 DAH 5 DAH
Control Control Ethylene 1-MCP Control Ethylene 1-MCP Control Ethylene 1-MCP Control Ethylene 1-MCP
Total carotenoids 709.4 1169. 4 792.6 902.7 1160.4 966.4 906.4 1589.5 761.3 659.7 2194.4 1018.1 654.5
All-trans-lycopene 491.3 777.0 614.6 582.2 869.5 646.7 538.5 1057.6 499.0 429.1 1321.6 584.0 461.5
Precursorsc 134.4 233.5 101.0 173.9 185.9 187.0 213.3 316.0 160.8 141.0 460.5 242.8 128.2
Productsc 66.5 136.4 65.1 115.5 86.3 117.9 128.7 193.3 240.9 85.9 331.4 149.9 63.7
DAH, days after harvesting; 1-MCP, 1-methylcyclopropene.
aThe amounts of carotenoids are represented by the mean value of duplicated analyses. The relative standard deviation (RSD) ranged between 0.7 and 19.4%.
bEnd of ethylene and 1-MCP treatments (12 h each treatment).
cSum of mean contents of precursors and products related to all-trans-lycopene.
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the well-known condensation of two molecules of GGDP to form
phytoene (peak 21), followed by a series of desaturation reactions
resulting in carotenes with 5 (phytoﬂuene, peak 20), 7 (z-carotene,
peak 18) and 11 (lycopene, peak 13) conjugated double bonds.
Cyclisation in one (g-carotene, peak 16) or both end-groups of the
molecule (b-carotene, peak 19), and further hydroxylation at C-3
(zeinoxanthin, rubixanthin, b-cryptoxanthin, respectively peaks 9,
10, 12) and at C-3, C0-3 (lutein, lactucaxanthin, zeaxanthin,
respectively peaks 5, 6, 7) were also observed; followed by further
epoxidation at C-5, 6 (neoxanthin, antheraxanthin, 5,6-epoxy-b-
cryptoxanthin, respectively peaks 1, 4, 8) and at C-5, 6, C-50, 60
(violaxanthin, peak 2) and at C-1, 2 (1,2-epoxy-lycopene, peak 11).
Isomerases also seem to be active since cis isomers of z-carotene
(peak 17), lycopene (peaks 14, 15) and violaxanthin (peak 3) were
found in all groups, along with 15-cis- and 9-cis-lycopene, 13-cis-
and 130-cis-b-cryptoxanthin, cis-neoxanthin, cis-lutein, cis-phyto-
ﬂuene, 13-cis-b-carotene and cis-b-zeacarotene detected only on
the C30 column. According to the proposed pathway, lycopene is
the central compound, because it is the most abundant carotenoid
indicating a high stimulation of its upstream steps during papaya
ripening and it is the source for the synthesis of other derivative
compounds, such as b-carotene and b-cryptoxanthin.
The proposed carotenoid biosynthetic pathway shown in Fig. 1
was evaluated considering the changes in lycopene precursors and
lycopene products (Table 2). The total amounts of lycopene
precursors (phytoene, phytoﬂuene, z-carotene, cis-z-carotene, 13-
cis-lycopene and prolycopene) and products (b-carotene, b-
cryptoxanthin, zeaxanthin, lutein, g-carotene, zeinoxanthin and
rubixanthin) were calculated as a sum of the mean individual
concentration values. The sum could provide a basis for checking
how carotenoid biosynthesis was affected by treatments and even
to provide some clues on the ﬂow of carotenoid synthesis during
papaya ripening. In control fruits, lycopene concentration in-
creased during ripening, in parallel with the accumulation of its
precursors and products, indicating a stimulation of the whole
carotenoid biosynthesis pathway. Lycopene accumulation seemed
to be highly related to the climacteric rise and it is likely stimulated
by the endogenous ethylene increase (Fabi et al., 2007).
However, when the fruits were exposed to exogenous ethylene,
no apparent increase in lycopene was observed during ripening.
This could be explained by the possibility that precursors for
lycopene synthesis were affected by the stimulation of some
ethylene-dependent early events prior to geranylgeranyl diphos-
phate (GGDP) accumulation, such as aroma-related volatile
compounds synthesis (Newman & Chappell, 1999). There could
also be an inhibition of the enzymes responsible for cyclisation of
lycopene, which is a branching point in the biosynthesis, since the
amounts of lycopene precursors increased in the 4th day in
ethylene-treated fruits. In this case, it is possible that lycopene
cyclases were inhibited by exogenous ethylene as previously
reported in oranges, when ethylene application rapidly reducedtranscription of the e-LCY gene to undetectable levels in the
ﬂavedo of this fruit (Rodrigo and Zacarias, 2007). In 1-MCP-treated
fruits the amounts of lycopene precursors did not apparently
changed until day 3, but showed a slightly decreased in the
following days. Similarly to the precursors, the proﬁle of lycopene
products also resembled that obtained for the control fruit,
although no apparent increase could be seen for lycopene
accumulation during ripening of 1-MCP-treated fruits.
Although post-lycopene pathway steps would be positively
affected by ethylene as suggested by the response observed for the
ethylene-treated fruit, the pre-lycopene pathway production
might have been inhibited by exogenous ethylene. In this way,
lycopene biosynthesis is probably a climacteric-related step non
dependent of ethylene, since the exogenous application of this
plant hormone and even its antagonist (1-MCP) did not result in
lycopene accumulation.
4. Conclusions
The study of carotenoid composition by HPLC gave some clues
on how carotenoid biosynthesis occurs in papaya fruit cv. ‘Golden’
and how it is affected by ethylene and 1-MCP treatments. Red-
ﬂeshed papaya fruit is basically programmed to synthesize the
main red carotenogenic compound, lycopene, and our preliminary
results support this idea by verifying the increase in or absence of
ethylene action on lycopene synthesis, lycopene oxidation and
synthesis of cyclised carotenoids. The next step is to compare
different experiments of ripening papaya fruits in order to
gathering statistical variability between different samples.
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